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R796DispatchesCilia Assembly: A Role for F-Actin in IFT RecruitmentCiliary growth rates are limited by the availability of precursors at the growing
tip. A new paper reveals that the early rapid growth of nascent cilia is supported
by F-actin-facilitated delivery of IFT proteins to basal bodies.Lynne Quarmby
From humans to the wood-digesting
protists that inhabit the guts of
termites, cells sport cilia of
stereotypical lengths (Figure 1). These
varied cilia perform specialized
functions. Some are signaling hubs that
integrate and process complex
physiological and developmental cues.
Others aremotile and serve to generate
fluid flow or to propel the cell through
its aqueous environment. The length of
these diverse cilia is finely tuned to their
function. Cilia of aberrant length do not
beat effectively and they can fail as
signaling hubs, possibly because the
interacting components become too
dilute [1]. A myriad of defects in
ciliogenesis can manifest as short cilia,
which cause a range of diseases [2]. A
few diseases have also been reported
to be associated with cilia that are too
long [3–5].
Steady-state cilia length reflects a
balance between rates of assembly
and disassembly. When the genetic
model organism Chlamydomonas
reinhardtii is growing new cilia
(called flagella in this organism), an
early phase of rapid growth is
followed by a period of slower
growth as the cilium asymptotes to
steady-state length, where assembly
and disassembly are in balance.
This growth pattern results from
the properties of the conserved
intraflagellar transport (IFT)
system that is responsible for cilia
growth [6].
IFT particles move up and down the
cilium, transporting ciliary components
from the cytoplasm, where they are
synthesized, to the tip, where they are
assembled onto the growing cilium [7].
As the cilium gets longer, the IFT
particles, traveling at an essentially
constant speed, take longer to transit
up and back. A constant complement
of IFT protein per cilium means that
delivery of new material to the tip
becomes less frequent as the cilia
get longer. The initial rapid growth ofshort flagella is also supported by
increased cargo loading onto IFT
particles [8]. Now, new experiments by
Avasthi et al. [9], reported in this issue
of Current Biology, reveal a role for
F-actin in delivering IFT particles to the
flagella during this period of rapid
growth.
Previous experiments in a variety of
cell types using modulators of the actin
cytoskelton implicated F-actin in ciliary
assembly and maintenance (reviewed
in [2]). But defining the role of F-actin
has been difficult. In the new study,
the team, led by the Marshall group
at UCSF, took advantage of a
Chlamydomonas actin mutant to
address these issues. The ida5 mutant
strain of Chlamydomonas does not
express conventional actin [10].
Although the mutant cells have motility
defects due to the loss of a subset of
inner dynein arms, their flagella are of
wild-type length. A novel actin-like
protein (NAP) is upregulated in ida5
cells [11] and presumably substitutes
for actin in maintaining steady-state
flagellar length.
Avasthi et al. [9] discovered that ida5
flagella are unaffected by treatment
with the actin-depolymerizing agent
latrunculin B at a concentration that
causes wild-type flagella to shorten.
Latrunculin B binds G-actin and
increases the critical concentration for
assembly, thereby leading to a net
disassembly. The lack of shortening of
ida5 flagella shows that latrunculin B
interferes with conventional actin and
not with NAP. This result is consistent
with earlier work by Dentler and Adams
[12] that showed another disrupter of
F-actin, cytochalasin D, causes
flagella to shorten.
Further support for a role for F-actin
came from experiments with lithium
chloride, which causes wild-type
Chlamydomonas flagella to elongate
by a previously unknown mechanism.
Avasthi et al. [9] found that ida5 cells
and wild-type cells treated with
latrunculin B were resistant to lithium
chloride treatment, therebydemonstrating that lithium-induced
elongation is mediated by F-actin.
F-actin has been difficult to visualize
in Chlamydomonas. Now, using a
fluorescently labeled F-actin-binding
peptide, Lifeact–Venus, the team has
succeeded in visualizing two
populations of F-actin, one in the
mid-cell/perinuclear region (observed
in 100% of cells) and the other at the
base of the cilia (observed in only about
10% of cells). Treatment with
latrunculin B disrupted both
populations of F-actin. The low
frequency of staining of F-actin at the
base of the flagella suggests that these
actin filaments are transient.
The researchers next examined
flagellar regrowth after shedding. In
principle, effects on either assembly or
disassembly can modify flagellar
length. While delivery of precursors to
the IFT machinery can affect assembly
rates, disassembly appears to depend
only upon what is happening within the
flagella (no F-actin has been detected
in flagella). Flagellar regrowth provides
an opportunity to study assembly, with
minimal complications from coincident
disassembly.
Instead of the stereotypical wild-type
pattern of rapid, early assembly
asymptoting to full length, ida5 cells
showed a slower, longer-lasting linear
growth phase. This phenotype
supported the idea that F-actin plays a
role in facilitating the supply of flagellar
precursors during the rapid initial
phase of growth.
Using a protocol first developed by
Lefebvre et al. [13], Avasthi et al. [9]
then put cells through cycles of
deflagellation and regrowth in the
presence of protein synthesis
inhibitors to measure the rates of
precursor pool synthesis. This series of
experiments demonstrated that
precursor pool regeneration is not
affected in the ida5 mutant. This result
indicated that F-actin is acting
post-translationally, possibly in the
delivery of precursors.
In previous work, the Marshall
lab observed that larger IFT particles
are delivered into short, rapidly
growing flagella [14]. They now find
that in ida5 flagella, IFT particles
Figure 1. The stereotypical length of cilia.
SEM images of cilia from various organisms. Clockwise from top left: Trichonympha from the
gut of a wood-feeding cockroach (courtesy of K.J. Carpenter and P.J. Keeling); it is difficult to
assess the length of cilia on this cell, although the related T. brulesquei has cilia 120 mm long.
Nodal cilia in the mouse embryo are 3 mm long (image courtesy of J.A. Follit and G.J. Pazour).
The collecting duct of the mouse kidney carries cilia of about 5 mm (Figure 2, p241 in [19]): MV,
microvilli; Ci, cilia. Cilia on the ventral surface of the planarian flatworm Schmidtea mediterra-
nea are about 10 mm long (micrograph prepared by J.A. Follit and P. Rompolas; see [20]). In
mouse trachea, cilia are about 8 mm long (image courtesy of Y. Vucica and G.J. Pazour).
The immunofluorescence image in the centre of the composite is of Chlamydomonas reinhard-
tii, the subject of the Avasthi et al. [9] study: its two flagella are typically 12 mm (courtesy of L.K.
Hilton and L.M. Quarmby).
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wild-type flagella early in regeneration.
This lack of large particles could
explain the failure of the ida5 flagella to
grow rapidly. But what has happened
to cause the lack of these large
particles?
The authors next tested the idea
that the increase in size of the delivered
IFT particle depends upon efficient
delivery of IFT components to the base
of the flagella. To do this theymeasured
the accumulation of a GFP-tagged
form of the IFT motor component KAP
at the base of the flagella. Carefully
controlled experiments revealed that
the accumulation of KAP–GFP at the
base of short, growing ida5 flagella
was less than that observed at the
base of short, rapidly growing
wild-type flagella. Furthermore, the
KAP–GFP signal decreased more
steeply in ida5 mutants than in wild
type, suggesting that the KAP-GFP
pool at the base of the ida5 flagella is
not replenished as efficiently as in
wild-type flagella.
The involvement of F-actin in
delivering IFT components to the
base of flagella begged the question
of whether myosin is also involved.
The myosin inhibitor blebbistatin
inhibited the rate of growth of
regenerating short flagella, prevented
the appearance of large IFT particles in
short, growing flagella, and inhibited
the accumulation of KAP–GFP at the
base of the flagella. These data
support the idea that myosin is
working in concert with actin to
facilitate the delivery of IFT
components to the base of rapidly
growing flagella.
This work adds an important piece
of information to our emerging
understanding of the regulation of
cilia assembly. And we are left with
several conundrums. Avasthi et al. [9]
have shown us that cytoplasmic
F-actin enhances early rapid growth
of flagella via efficient delivery of IFT
protein to the base of the flagella.
But how does the machinery for IFT
delivery decipher the state of the
flagellum? Several flagellar kinases,
including a MAP kinase, a
cyclin-dependent kinase and a
NIMA-related kinase, modulate rates
of assembly and disassembly [15–17].
It has been assumed that these
kinases are acting directly within
the flagella. Could one or more of
them be modifying transient flagellar
proteins that might carry signalsback to the IFT-loading and -delivery
machinery at the base of the flagella?
We know from the Lechtreck lab that
the extent of loading of IFT particles
with cargo is increased in short, rapidly
growing flagella [8]. Is this increased
loading dependent upon increased
delivery of cargo to the base of
the flagella, perhaps by the same
F-actin-dependent process?
Notably, the fraction of cells with
F-actin staining at the base of the
flagella does not increase in cells that
are rapidly growing new flagella. This
suggests that the stabilization
of F-actin is not the mechanism for
increased efficiency of delivery. How is
F-actin facilitating delivery of IFT?
A study of Chlamydomonas mutants
with long flagella has revealed a
complex of three cell-body proteins,
LF1, LF2 and LF3, that is involved in
length control — the ‘length regulatory
complex’ [16]. Does this complex play a
role in regulating trafficking of IFT or
cargo delivery to the base of the
flagella?Do all cilia use F-actin-enhanced
delivery of IFT proteins to foster early
rapid growth of cilia? Previous work
showed that disruption of the actin
cytoskeleton with cytochalasin D
resulted in elongated cilia in
mammalian cells [18]. Yet in
Chlamydomonas cytochalasin D
caused flagellar shortening [12].
Is cytochalasin D having some
other effect on the differently arrayed
actin cytoskeletons in mammalian
cells, or do mammalian cilia not
exhibit the enhanced early
growth that depends on this effect
of F-actin?
In summary, Avasthi et al. [9] have
used a Chlamydomonas strain that
lacks conventional actin to
demonstrate that F-actin facilitates
the accelerated rate of growth of
nascent flagella in Chlamydomonas.
The steady-state rate of flagellar
assembly also appears to be
augmented by F-actin, and the
presence of normal-length flagella in
actin-deficient cells is due to
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R798compensatory changes, possibly
involving a decrease in basal
disassembly. Whether the
F-actin-dependent delivery of IFT to
the base of cilia is a target for various
other factors known to affect length
control remains to be discovered.
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Eusocial WaySympatric speciation normally requires particular conditions of ecological
niche differentiation. However, ant social parasites have been suspected to
arise sympatrically, because (dis)loyalty to eusocial kin-structures induces
disruptive selection for dispersal and inbreeding. A new study documents
this process in unprecedented detail.Jacobus J. Boomsma*
and David R. Nash
In a single monumental monograph,
Darwin established that competition
for limited resources causes differential
reproductive success and gradual
adaptive change in traits for which
there is heritable variation. He used
these insights to deduce that all life
descends from a single ancestor and
that a perpetual branching process
creates new lineages while others
go extinct [1]. However, after the
Neodarwinian synthesis starting in
the 1930s, hard facts about how
species originate have beenaccumulating slowly compared to
other areas of evolutionary biology
[2]. An earlier synthesis by Ernst Mayr
forcefully maintained that reproductive
isolation could only happen between
populations that were spatially
isolated, consistent with geographic
distance being a universal predictor of
differentiation in biological lineages [3].
Later work showed that speciation in
sympatry should be possible [4] and
some documented cases are now
broadly accepted [5], but this
alternative scenario requires unusual
functional isolation between
neighbouring niches to enforce
mating preferences within, rather thanacross these niches [6–8]. A study by
Rabeling et al. [9] published in Current
Biology is an interesting surprise,
because it represents a credible
example of sympatric speciation driven
by a social rather than ecological
mechanism for enforcing reproductive
isolation.
Rabeling and coworkers [9] studied
Mycocepurus fungus-growing ants,
including one species known to be
an inquiline, M. castrator. Queens of
such social parasites insinuate
themselves into colonies of a normally
closely related ant to reproduce with
the help of foster workers, rather than
by founding their own colonies to
raise workers first. Such inquiline
social parasites have evolved
numerous times across multiple ant
subfamilies. They are invariably rare,
so their true diversity is likely to be
considerably higher than presently
known. The attine fungus-growing
ants are a case in point, with three
new inquiline species described
within the last 20 years, of which
M. castrator is the only known
